Mills, Christopher N., Chantal Darquenne, and G. Kim Prisk. Mode shift of an inhaled aerosol bolus is correlated with flow sequencing in the human lung. J Appl Physiol 92: 1232-1238, 2002. First published November 16, 2001 10.1152/japplphysiol.00655.2001.-We studied the effects on aerosol bolus inhalations of small changes in convective inhomogeneity induced by posture change from upright to supine in nine normal subjects. Vital capacity single-breath nitrogen washout tests were used to determine ventilatory inhomogeneity change between postures. Relative to upright, supine phase III slope was increased 33 Ϯ 11% (mean Ϯ SE, P Ͻ 0.05) and phase IV height increased 25 Ϯ 11% (P Ͻ 0.05), consistent with an increase in convective inhomogeneity likely due to increases in flow sequencing. Subjects also performed 0.5-m-particle bolus inhalations to penetration volumes (Vp) between 150 and 1,200 ml during a standardized inhalation from residual volume to 1 liter above upright functional residual capacity. Mode shift (MS) in supine posture was more mouthward than upright at all Vp, changing by 11.6 ml at Vp ϭ 150 ml (P Ͻ 0.05) and 38.4 ml at Vp ϭ 1,200 ml (P Ͻ 0.05). MS and phase III slope changes correlated positively at deeper Vp. Deposition did not change at any Vp, suggesting that deposition did not cause the MS change. We propose that the MS change results from increased sequencing in supine vs. upright posture.
VENTILATORY INHOMOGENEITY in the human lung is a function of two main factors: convection-dependent inhomogeneity (CDI) and diffusion-convection-dependent inhomogeneity (19, 25) . Whereas diffusion-convection-dependent inhomogeneity occurs mainly between intra-acinar lung regions, CDI occurs between regions of the lung too widely separated for significant diffusion to take place between them. Nonuniformity of airflow to these regions results in CDI. Gravity and functional variability of characteristics between lung units contribute to CDI (14, 21) .
In single-breath nitrogen washout (SBW) experiments, a postural change from upright to supine has generally been shown to increase phase III slope (7, 8, 14, 21) . Because such a postural change is expected to primarily affect large-scale ventilation patterns, the change in phase III slope is likely the result of a change in CDI. Two conditions are required in order for CDI to contribute to phase III slope in SBW experiments. First, there must be inhomogeneity of specific ventilation, resulting in different gas concentrations in different regions of the lung after the nitrogen-free vital capacity inspiration. Second, there must be flow sequencing, a process whereby not all lung units empty simultaneously and the relative contribution of different lung units to the total expirate changes as the expiration proceeds. Thus a change in phase III slope induced by an change in CDI must be the result of a change in the range of specific ventilation, a change in sequencing, or both (3, 6, 13, 21) .
Data from multiple-breath nitrogen washout experiments, in which the range of specific ventilation was determined, indicate that this range only changes modestly in response to a change in posture (20) . Aside from a change in the range of specific ventilation, a change in flow sequencing is the only other contributor to an increase in phase III slope from CDI effects. Thus an increase in phase III slope is likely to be at least partly the result of an increase in sequencing.
Phase IV results from loss of the contribution of airways affected by airway closure to the expired breath; the airways still communicating with the environment after closing volume is reached tend to be in the nondependent (upper) areas and less well ventilated, resulting in a sudden increase in nitrogen concentration. A widening range of specific ventilation throughout the lung would be reflected in an increase in phase IV height, whereas a change in sequencing would be expected to have a less-pronounced effect (2, 12) . Influences of upright-to-supine posture change on phase IV height have produced variable and inconsistent results between studies (7, 8, 14, 21) ; each of these studies, however, demonstrated a strong effect of upright-to-supine posture change on phase III slope.
Aerosol bolus tests (ABTs) offer an opportunity to examine inhomogeneity in pulmonary ventilation by measuring mode shift, dispersion, and deposition. Experiments with particles of various sizes have indicated that 0.5-m-diameter particles are appropriate tracers for convective gas transport in the lungs, because they are large enough to be minimally affected by diffusion and small enough to minimize sedimenta-tion (22) . Mode shift refers to the change in position of the peak concentration of an expired bolus relative to its inspired penetration volume (V p ) and thus indicates the peripheral or central shift of the bolus. Deposition is the percentage of inspired particles that remain in the lung at the end of expiration; deposition of particles peripherally results in a mouthward (negative) mode shift (5) . Dispersion is the degree of spread of the expired vs. inspired bolus and allows a measurement that is specific for convective inhomogeneity, since aerosol particles are too large to demonstrate significant diffusion.
Possible causes of mode shift apart from peripheral deposition include changes in specific ventilation and/or sequencing. Indeed, mode shift has been noted to move mouthward under conditions where an increase in inhomogeneity is expected. Patients with cystic fibrosis (1, 4) and emphysema (16) demonstrated a greater mouthward mode shift of an expired aerosol bolus than did normal subjects. This effect was exaggerated at high V p . In another ABT experiment, mode shift moved mouthward in a dose-dependent fashion after bronchoconstriction induced by methacholine in normal subjects (15) . However, because each of these four studies also found aerosol deposition in the lung to be significantly greater under the more inhomogeneous conditions, it was not possible to determine whether the change in mode shift was due to increased peripheral deposition vs. an increase in specific ventilation range and/or sequencing.
We hypothesized that an increase in flow sequencing, rather than deposition, might have contributed to the mode shift changes observed in previous studies. To test this hypothesis, we performed SBW experiments and ABTs in normal subjects in whom we elicited a modest change in CDI, at least partly because of a change in sequencing, by changing posture from upright to supine.
METHODS

Subjects
Nine healthy, nonsmoking, nonasthmatic subjects (Table  1) performed SBW experiments and ABTs after they gave informed consent to a protocol reviewed and approved by the Institutional Review Board of the University of California, San Diego. Subjects were tested in upright and supine postures to elicit small gravitational changes in CDI. Subjects were supine for ϳ5 min before the start of testing in that posture.
Single-Breath Washout Tests
Equipment. The SBW test apparatus has been described previously in detail (14) . The relevant features comprised a bag-in-box system containing a bag filled with the nitrogenfree inspired gas mixture connected to a mouthpiece-valve system with a 60-ml dead space. The inspiratory valve allowed selection of air or test gas consisting of 93.75% oxygen-5% helium-1.25% sulfur hexafluoride. For the purposes of these experiments, the helium and sulfur hexafluoride data are not reported.
Flow of ambient air to and from the bag-in-box was measured in a long straight duct with use of a linearized pneumotachograph connected to a pressure transducer. The flow data were integrated during repeated strokes of a 3-liter syringe for calibration, which was performed before each measurement session. Calibrated flows were corrected to BTPS.
Gas was sampled at the mouthpiece by a respiratory mass spectrometer. Gas data were corrected by a time shift equal to the delay to the midpoint of the response of the spectrometer, which was measured at each session. Calibration was verified at each session by sampling premixed test gases.
Performance of the SBW test. The subject breathed air on the mouthpiece and then exhaled to residual volume (RV) while the inspiratory path was switched to allow inspiration of the test gas. On reaching RV, the subject inhaled the test gas at 0.5 l/s to total lung capacity (TLC). A bar display of flow allowed the subject to comply accurately. The subject then immediately exhaled at 0.5 l/s back to RV. Six tests were performed in the upright posture and six tests were performed in the supine posture for each subject.
Data recording. Data were logged at 100 Hz with the use of a 12-bit analog-to-digital converter. A general-purpose datahandling program was used to perform the scaling and corrections previously described. A dedicated software package was then used to analyze the SBW test as follows.
The inspiratory and expiratory vital capacities were defined by searching for volume maxima and minima, with graphic display of the results for operator validation. Tests in which inspired and expired vital capacities differed by Ͼ5% were discarded. Expired nitrogen plots as a function of volume were then displayed. Phase III was defined iteratively by the operator using a cursor (14) . Phase III slope (%N 2/l) was taken to be the slope of the final line fitted to phase III. This straight line was fitted using an iterative process between a point early in expiration after clearance of the dead space and the point at which nitrogen concentration rose and remained above the fitted line. This was taken as the beginning of phase IV (14) . The maximal height of phase IV (%N 2) was measured relative to extrapolated phase III slope ( Fig. 1 ).
Aerosol Bolus Tests
Equipment. ABT data were collected by using the equipment described in detail in previous studies (9, 10) . The system allowed injection of an aerosol bolus of ϳ70 ml at a given point in the inhaled air by switching computer-controlled pneumatic valves. Measurement of the aerosol concentration and the flow rate were provided by a photometer and a pneumotachograph, respectively. The pneumotachograph was calibrated by integration of the flow from strokes of a 3-liter calibration syringe. Measurement of the flow rate was not affected by the presence of particles in the breathing air. The photometer, pneumotachograph, and valves were heated to body temperature to prevent water condensation. A diffusion dryer was located between the photometer and the mouthpiece.
Aerosol generation. The bolus tube was filled with aerosol containing spherical monodisperse polystyrene latex particles with a specified size of 0.497 Ϯ 0.0094 (SD) m. For convenience, these are referred to as 0.5-m-diameter particles. The particles were supplied in suspension (water), and the concentrate was diluted and dispensed via two Acorn II nebulizers. Before entering the bolus tube, the aerosol flowed through a heated hose and a diffusion dryer to remove water droplets.
Performance of the ABT. After a few normal breaths, the subject exhaled to RV to ensure a known lung volume starting point. The test breath consisted of an inspiration from RV to a predetermined lung volume (fixed for each subject) approximately equal to 1 liter above their upright functional residual capacity (FRC), at a flow rate of ϳ0.45 l/s, immediately followed by an expiration to RV, also at a flow rate of ϳ0.45 l/s. A bar display of flow allowed the subject to comply accurately. During the inspiration, an aerosol bolus of ϳ70 ml was introduced at different V p. The Vp was defined as the volume of air inhaled from the mode of the aerosol bolus to the end of the inhalation. V p levels of 150, 500, 800, and 1,200 ml were used for testing. The protocol was repeated four times for each V p in upright and supine postures.
Data recording. A personal computer equipped with a 12-bit analog-to-digital card was used for data acquisition. Signals from the photometer and the pneumotachograph were sampled at 100 Hz. For the data acquisition, we used the custom software described in previous studies (9, 10) .
Data analysis. Graphs representing the bolus concentration profile as a function of volume were generated, and the measurements and calculations described below were made using custom software. In all calculations, the volumes at which the bolus concentration was equal to 5% of the peak concentration for that bolus curve were used as the end point of integration to minimize the contribution of background noise to the overall result (24) .
Mode shift (M ex Ϫ Vp) was measured as the difference between the amount of volume expired by the subject before the peak of expired bolus concentration (M ex) and the inspired Vp (taken to be the amount of volume inspired after the peak bolus concentration). A negative mode shift denoted that the mode of the expired bolus shifted mouthward relative to the location of the bolus in the inspired air. Deposition was measured by integrating concentration over volume as the percentage of the number of particles that exited the lung (N ex) relative to the number that entered the lung (Nin) measured as follows: 100 ϫ (Nin Ϫ Nex)/Nin. Dispersion was measured as the change in half-width of the expired (Hex) vs. inspired (Hin) bolus: (H ex 2 Ϫ H in 2 ) 0.5 . This value expressed the extent to which the bolus spread during its time in the lung (Fig. 2) .
Statistics
Statistical analysis of the SBW and ABT data was accomplished using the two-tailed paired Student's t-test (Excel 5.0), with P Ͻ 0.05 as the level of significance. Experiments for the same experimental conditions with the same subjects were averaged before statistical analysis.
RESULTS
Single-Breath Washout Tests
Phase III slope was 1.22 Ϯ 0.11 and 1.62 Ϯ 0.21% N 2 /l (mean Ϯ SE) in the upright and supine posture, respectively, representing a significant increase of 33 Ϯ 11% (P Ͻ 0.05; Fig. 3A) . Phase III slope ranged from 0.63 to 1.72% N 2 /l in the upright posture and from 0.86 to 3.08% N 2 /l in the supine position. Eight of the Fig. 1 . Phase III slope and phase IV height in single-breath N2 washout tests. Phase III represents the alveolar plateau; a steeper phase III slope indicates greater convective and/or diffusive inhomogeneity. Phase IV occurs after closing volume is reached; a greater phase IV height is specific for greater convective inhomogeneity. The beginning of phase IV is where the N2 data rise above the line of extrapolated phase III. FN2, fractional expired N2 concentration; TLC, total lung capacity; RV, residual volume. nine subjects had a steeper phase III slope in the supine than in the upright position.
Phase IV height was 3.24 Ϯ 0.69 and 4.07 Ϯ 0.69% N 2 (mean Ϯ SE) in the upright and supine posture, respectively, a significant increase of 25 Ϯ 11% (P Ͻ 0.05; Fig. 3B ). Phase IV height ranged from 1.57 to 6.93% N 2 in the upright posture and from 2.16 to 6.90% N 2 in the supine position. Seven of the nine subjects had a greater phase IV height in the supine than in the upright position.
Aerosol Bolus Test
Mode shift moved significantly mouthward (became more negative) in the supine posture at all V p tested, except 500 ml (P Ͻ 0.05 at 150, 800, and 1,200 ml and P ϭ 0.19 at 500 ml). Deeper V p yielded larger mouthward mode shifts in upright and supine positions. For a V p of 150 ml, mean mode shift was ϩ8.4 ml upright (range Ϫ13.1 to ϩ20.7 ml) and Ϫ3.2 ml supine (range Ϫ30.9 to ϩ18.6 ml; Fig. 4A ). For a V p of 1,200 ml, mean mode shift was Ϫ46.2 ml (range Ϫ101.2 to ϩ11.6 ml) upright and Ϫ84.7 ml (range Ϫ201.6 to ϩ1.0 ml) supine (Fig. 4B) . At V p of 150 and 1,200 ml, all but one subject had a larger mouthward mode shift when supine than when upright.
Deposition was not different between the two postures. As expected, deeper V p corresponded with greater deposition rates. For V p of 150 ml, mean deposition was 9.1% upright (range 0.1-16.7%) and 10.7% supine (range 0.1-18.7%). For V p of 1,200 ml, mean deposition was 49.8% upright (range 33.5-67.9%) and 49.7% supine (range 32.8-74.5%; Fig. 5A ).
Dispersion, like deposition, was not significantly affected by posture change. Deeper V p was associated with greater values of dispersion. For V p of 150 ml, mean dispersion was 199 ml upright (range 151-255 ml) and 213 ml supine (range 147-246 ml). For V p of 1,200 ml, mean dispersion was 582 ml upright (range Fig. 3 . Comparisons between upright and supine postures in singlebreath washout testing of phase III slope (A) and phase IV height (B). F, Average value upright; E, average value supine. A: mean phase III slope increased significantly, by 33%, between upright (1.22 Ϯ 0.11% N2/l) and supine (1.62 Ϯ 0.21% N2/l) postures (P Ͻ 0.05). B: mean phase IV height increased by 25% between upright (3.24 Ϯ 0.69% N2) and supine (4.05 Ϯ 0.69% N2) postures. *P Ͻ 0.05. Fig. 4 . Behavior of mode shift in aerosol testing between upright and supine postures at shallow (A) and deep (B) Vp. F, Average value upright; E, average value supine. A: at Vp ϭ 150 ml, mode shift was significantly more mouthward (negative) in the supine posture (mean ϩ8.4 ml) than in the upright posture (mean Ϫ3.2 ml, P Ͻ 0.05). B: at Vp ϭ 1,200 ml, mode shift was significantly more mouthward in the supine (mean Ϫ46.2 ml) than in the upright (mean Ϫ84.7 ml) posture (P Ͻ 0.05) also. Intermediate Vp (not depicted) produced mouthward mode shifts when supine vs. upright as well.
285-811 ml) and 643 ml supine (range 538-873 ml; Fig. 5B ).
Relationship Between Single-Breath Washout and Aerosol Bolus Tests
We analyzed the relationship between our SBW and mode shift results. When the change in phase III slope was plotted against the change in mode shift between postures, a positive correlation was present only with deeper V p . V p of 150, 500, 800, and 1,200 ml produced correlation coefficients of 0.02, 0.13, 0.59, and 0.52, respectively. Figure 6 shows the correlation for V p of 800 and 1,200 ml.
Comparison of the change in phase IV height vs. the change in mode shift between postures resulted only in very weakly positive correlation coefficients (r 2 Ͻ 0.24) at all V p .
DISCUSSION
Single-Breath Washout Tests
Phase III slope was significantly steeper in the supine than in the upright position, which is consistent with previous results (7, 8, 14, 21) (Fig. 3A) . This indicates that the lung has more ventilatory inhomogeneity in the supine than in the upright position. Although diffusive inhomogeneity is an important factor in phase III slope generally, it is unlikely to contribute to the phase III slope response to postural change because postural change principally affects interaction between large-scale lung units (14, 25) . Studies that used helium and sulfur hexafluoride have shown no change in acinar level inhomogeneity between upright and supine postures (20) .
The CDI component of phase III slope results in part from relatively empty dependent (lower) alveoli filling with nitrogen-free gas to a greater extent and earlier than nondependent (upper) alveoli. The dependent alveoli also tend to empty their nitrogen-poor contents first, and as expiration progresses the (upper) alveoli containing more nitrogen eventually empty as well (17) . The result is a positive contribution to the slope of phase III. Nongravitational contributions to phase III slope also exist, such as differences in mechanical properties between lung regions (18); these are thought to be similar between postures (20) . Thus the increase in phase III slope in the supine compared with the upright position results primarily from an increase in specific ventilation range, an increase in sequencing, or both (3, 6, 21) .
Phase IV height increased significantly in the supine compared with the upright posture, although this result only just reached the level of significance. Previous studies have shown considerable variability in the effect of postural change on phase IV height: from no effect (7) to an effect opposite to that seen in our experiment (14) . Phase IV height represents large lung units reaching closing volume in an inhomogeneous fashion. In contrast to phase III slope, which is affected by changes in sequencing and/or changes in specific ventilation range in response to a change in CDI, phase IV height is not thought to be greatly affected by changes in sequencing but, rather, by changes in specific ventilation range (2, 12) . The barely significant increase in phase IV height we observed suggests that a change in specific ventilation range may have occurred between postures; however, a prior study that analyzed the range of specific ventilation carefully using multiple-breath washout experiments indicated that a posture change from upright to supine influences specific ventilation only modestly (20) . This previous study provides an indication that the change in specific ventilation distribution is likely not prominent enough to cause phase III slope to increase to the degree we observed, thereby implicating another contributor to phase III slope, namely, flow sequencing. Thus it is likely that the increase in phase III slope with the change from an upright to a supine position is at least partly due to an increase in flow sequencing in the supine posture, which is in agreement with previous studies (20) .
Aerosol Bolus Tests
In the ABTs, deposition and dispersion were unaffected by posture change between supine and upright (Fig. 5) . In sharp contrast, mode shift became clearly more mouthward (negative) when supine relative to upright (Fig. 4) . Possible causes of such a mode shift change include an increase in sequencing, a change in specific ventilation distribution, and peripheral deposition.
Flow Sequencing
A change in flow sequencing induced by the change in posture is a likely cause of the increased supine vs. upright phase III slope observed in the SBW tests. In the ABTs, such a change in sequencing could be manifest as a mouthward mode shift without necessarily increasing dispersion of the bolus. This is because sequencing does not necessarily imply a change in the relative filling of different regions of the lung but, rather, a reordering of the emptying sequence of those regions. Furthermore, previous studies have suggested that convective inhomogeneity is not a major mechanism of dispersion in the normal lung at the volume at which these ABTs were performed (4, 11).
One factor thought to influence sequencing is the hypothesis that the most dependent parts of the lung are relatively deflated at end expiration because of the overlying weight of the rest of the lung; they have more capacity to inflate than the nondependent alveoli, which are already relatively inflated. Thus the dependent regions tend to inflate earlier in inspiration; the overlying weight also imparts greater intra-alveolar pressures in dependent areas and preferentially deflates them before nondependent alveoli (17) . This phenomenon (first in-first out) would cause the most pronounced mouthward mode shift of a bolus inserted early in inspiration (i.e., to deep V p ), whereas a bolus inserted late in inspiration (i.e., to shallow V p ) would be expected to have less mouthward mode shift. This hypothesis is consistent with our observations that deeper V p yielded more mouthward mode shifts.
Distribution of Specific Ventilation
If the distribution of specific ventilation were substantially affected by the postural change of our experiment, we would expect to see a change in the dispersion of an inhaled bolus, because the lung units receiving particles of the bolus become less uniformly ventilated as inhomogeneity increases. As some units become more ventilated and others less, alterations in the transit time to and from any given lung unit cause an overall increase in spread of the expired bolus. In fact, in the supine posture, no increase in bolus dispersion occurred relative to the upright posture. Furthermore, a previous study has shown that specific ventilation only changes modestly with posture change (20) . The lung volumes probed in that experiment were between FRC and FRC ϩ 700 ml, a range comparable to the volumes probed by our ABTs, between FRC Ϫ 200 ml and FRC ϩ 1 liter.
Peripheral Deposition
Findings of previous studies have also demonstrated a mouthward mode shift in situations of increasing convective inhomogeneity (1, 4, 15, 16) . However, each of these studies demonstrated a concomitant increase in deposition that could potentially account for the mode shift change. Our data, however, demonstrate equal deposition fractions between upright and supine postures (49.8 and 49.7%, respectively, at the deepest V p ) in these normal subjects. Thus we cannot account for the observed change in mode shift as a change in deposition between postures.
Relationship Between Single-Breath Washout and Aerosol Bolus Tests
To evaluate the extent of correlation between the observed changes in phase III slope and mode shift, we correlated the changes in both in response to the change in posture. There was a positive correlation coefficient at deeper V p but not at shallow V p . The positive correlation is an indication that a common process is partially responsible for changing phase III slope and mode shift between postures. We further theorize that this progression to a positive correlation at deeper V p is a result of sequencing becoming a more prominent factor as the aerosol bolus reaches the more peripheral lung regions.
Our finding that the change in phase IV height between postures did not correlate well with the change in mode shift suggests that SBW and ABTs are likely not measuring the same processes. This is probable, since phase IV height is known to be primarily a reflection of change in the distribution of specific ventilation (2, 12) .
Potential Sources of Error
An important consideration when the results of the two types of experiment are compared is the fact that they were each performed at their standard lung volumes, which are not equal to each other: vital capacity for SBW and near tidal volume for ABT. The experiment was designed to compare tests done in a standard fashion. Performing the two types of experiments at comparable lung volumes may be a useful extension of these studies.
Potential sources of systematic error were sought unsuccessfully to explain the mode shift discrepancy between postures. The fact that other measured parameters such as dispersion and deposition were very similar between postures suggests further that the mode shift change we observed was from a postural change in the lung's ventilation pattern, rather than from error.
In conclusion, the significant change in mode shift with a change in posture from upright to supine indicates that placement in the supine posture does result in a change in distribution of pulmonary ventilation that is detectable at intermediate lung volumes by aerosol probing. It is also likely that mode shift is more sensitive than dispersion as an indicator of convective inhomogeneity resulting from flow sequencing.
